Synthetic biologists construct complex biological circuits by combinations of various genetic parts. Many genetic parts that are orthogonal to one another and are independent of existing cellular processes would be ideal for use in synthetic biology. However, our toolbox is still limited with respect to the bacterium Escherichia coli, which is important for both research and industrial use. The site-specific incorporation of unnatural amino acids is a technique that incorporates unnatural amino acids into proteins using a modified exogenous aminoacyl-tRNA synthetase/tRNA pair that is orthogonal to any native pairs in a host and is independent from other cellular functions. Focusing on the orthogonality and independency that are suitable for the genetic parts, we designed novel AND gate and translational switches using the unnatural amino acid 3-iodo-L-tyrosine incorporation system in E. coli. A translational switch was turned on after addition of 3-iodo-L-tyrosine in the culture medium within minutes and allowed tuning of switchability and translational efficiency. As an application, we also constructed a gene expression system that produced large amounts of proteins under induction conditions and exhibited zero-leakage expression under repression conditions. Similar translational switches are expected to be applicable also for eukaryotes such as yeasts, nematodes, insects, mammalian cells, and plants.
S
ynthetic biology aims to build artificial biomolecular networks and pathways using genetic parts that enable the fine and combinatorial control of gene expression from the transcriptional to posttranslational stages. The genetic parts include "sensors" that receive molecular or environmental signals (e.g., tetracycline sensing by tetR/O), "genetic circuits" that integrate inputs from sensors and/or other circuits (e.g., a toggle switch by two pairs of promoters and repressors), and "actuators" that evoke physiological responses following the logical consequences from the circuits (e.g., suicide by toxic gene expression) (1) (2) (3) . By combining various genetic parts, synthetic biologists can design finely tuned and complex artificial biological systems that were impossible to construct by simple overexpression or knockout or knockdown of some genes in the pre-synthetic biology era. Genetic devices such as inverters, biphasic switches, toggle switches, oscillators, memory elements, pulse generators, logic gates, filters, and cell-cell communication modulators are some examples (2) (3) (4) (5) (6) (7) (8) (9) (10) 65) . In addition, more-complex systems, including production of commercially valuable chemicals such as pharmaceuticals and biofuels and tumor therapy employing synthetically engineered viruses and microorganisms, have also been constructed using certain genetic parts and devices (11) (12) (13) (14) .
Despite the remarkable successes mentioned above, construction of synthetic systems often faces unpredictable problems. The main cause of the problems is that the characteristics of genetic parts are not ideal (15) . Lucks and collaborators defined five desirable characteristics of biological parts, i.e., independence, reliability, tunability, orthogonality, and composability (16) . For example, introduction of synthetic devices sometimes make cells sick, indicating the problem of "independence" (17) . In another case, the responses are largely different among cells due to the cellular circuitry or environmental noise, indicating the problem of "reliability" (17) .
The bacterium Escherichia coli is important for industrial use, such as the production of recombinant proteins and valuable metabolites, as well as for its use as a model for research in synthetic biology. However, the number of genetic parts that are widely used is limited in E. coli despite accumulation of knowledge on its genetics (17, 18) . In accordance with issues mentioned above, the development of novel genetic parts that are based on principles distinct from those used in traditional tools and that have adequate characteristics is a key challenge.
The site-specific incorporation of unnatural amino acids (UAAs) is a technique that incorporates UAAs into proteins at a position encoded by a specific codon (mainly the UAG amber codon [AMB]) (19) . In this method, an aminoacyl-tRNA synthetase (aaRS)/tRNA pair isolated from an evolutionarily distant organism is used. The aaRS/tRNA pair is ideally orthogonal, i.e., does not cross-react with any other pairs endogenously existing in the host cells. In E. coli, archaebacterium-derived tyrosyl and pyrrolysyl aaRS/tRNA pairs have been successfully used (20) (21) (22) . The aaRS/tRNA pair is not used in its native form. The mutated aaRS is selected to be recognized by only a specific UAA but not by the 20 canonical amino acids. The tRNA is also modified to be an amber suppressor (tRNA CUA ). The UAA is incorporated in vivo by the native translational machinery in the cells expressing the modified aaRS/tRNA pair. Since Schultz and collaborators achieved the first breakthrough, various UAAs, including derivatives of Lys and Tyr, have been incorporated in vivo (19, 20) . This technique has been widely applied for protein engineering in applications such as structural analyses, functional analyses, protein therapeutics, and functional improvement (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) .
Here, we report a novel AND gate and its derivatives, translational switches, using site-specific UAA incorporation in E. coli. The UAA/aaRS/tRNA set is orthogonal to any native sets in a host and is independent from other cellular functions, suggesting its suitability as a genetic part in synthetic biology. We characterized these genetic devices and performed proof-of-concept studies. As an application, a gene expression system that produced large amounts of proteins under induction conditions and exhibited zero-leakage expression under repression conditions was also constructed.
MATERIALS AND METHODS
Strains, culture conditions, and transformation. E. coli BL21-AI [F Ϫ ompT gal dcm lon hsdS B (r B Ϫ m B Ϫ ) araB::T7RNAP-tetA] was used throughout this study. MV1184, XL1-Blue, and DH5␣ were also used for plasmid construction. The bacteria were grown in Luria-Bertani (LB) medium at 35°C. Carbenicillin (100 g/ml), chloramphenicol (50 g/ml), and kanamycin (50 g/ml) were added as appropriate. Transformation was performed by electroporation using an Easyject Prima electroporator (EquiBio).
Plasmid design. The amber suppressor plasmid pTYR MjIYRS2-1(D286) MJR1ϫ3 (p15A replicon) encoding IYRS (driven by the E. coli Tyr tRNA synthetase promoter P TyrRS ) and MJR1 (driven by the E. coli lpp promoter P lpp ) were kindly provided by K. Sakamoto, RIKEN (27) . For conditional expression of either IYRS or MJR1, two derivatives were also constructed: either the E. coli lac promoter P lac was substituted for P TyrRS or the T7 promoter with lacO P T7 -lacO was substituted for P lpp . These derivatives were designated pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3 and pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3, respectively. In addition, a MJR1 deletion plasmid, pTYR MjIYRS2-1(D286), was constructed as a loss-of-function control.
Enhanced green fluorescent protein (EGFP) expression vectors that were driven by the E. coli bla promoter P bla , P lac , or P lpp were constructed in a promoterless entry vector, pDONR211 (pUC replicon; Invitrogen). The promoter-egfp fusions with or without AMBs were prepared by fusion PCR and were integrated into the plasmid backbone using a standard Gateway reaction by BP recombination (Invitrogen). EGFP fluorescencepositive clones were selected after transformation into XL1-Blue (supE44). For construction of P T7 -lacO-driving vectors, egfp was introduced into pET-DEST42 (ColE1 replicon; Invitrogen) by the use of an In-Fusion HD cloning kit (Clontech) and was amplified using DH5␣.
ColE3e and lacZ␣ expression vectors were prepared using a standard Gateway protocol. The open reading frame encoding ColE3e with or without AMBs was amplified by PCR from pSH350, which was kindly provided by H. Masaki, Tokyo University (34) . The PCR products were cloned into pDONR211 and were subsequently transferred to pET-DEST42 by LR recombination after confirmation of the correct sequences. MV1184 (sup 0 ) was used for ColE3e and lacZ␣ plasmid selection and amplification.
Conditional amber suppression. pTYR MjIYRS2-1(D286) MJR1ϫ3 or its derivatives that supplied IYRS and MJR1 were first introduced into BL21-AI, and the strain carrying the plasmid was established. Subsequently, an expression vector was transformed into the strain. IY switching was performed using the original pTYR MjIYRS2-1(D286) MJR1ϫ3-carrying strain. The conditional expression of IYRS was controlled using the promoter-substituted plasmid pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3 (P lac driving the IYRS gene) by supplementation of either IPTG (isopropyl ␤-D-1-thiogalactopyranoside) for induction or D-glucose (Glc) for repression in culture media. To control the expression of MJR1 in BL21-AI, another promoter-substituted plasmid, pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3 (P T7 -lacO driving the MJR1 gene), was used with either L-arabinose (Ara) and IPTG for induction or Glc for repres- EGFP reporter assay. Bacteria were collected by centrifugation (1,800 ϫ g for 3 min). The pellet was washed twice and was resuspended in an equal volume of 0.9% (wt/vol) NaCl. The bacterial suspension was diluted and adjusted to an optical density at 590 nm (OD 590 ) of 0.3. Fluorescent intensity was measured using a Shimadzu RF-5300PC spectrofluorometer (excitation, 480 nm; emission, 515 nm). A strain carrying only an EGFP expression plasmid without pTYR MjIYRS2-1(D286) MJR1ϫ3 or its derivatives was used as a negative control, and its fluorescence was measured as a background. All measured values of tested samples were evaluated after subtraction of the background values.
Viability assay. The BL21-AI strains that maintained the ColE3e and lacZ␣ expression vectors were cultured overnight. The bacteria were diluted 60-fold and were incubated for an additional 3 h. The bacteria were collected, washed, and resuspended, as described above. Finally, the bacterial suspension was adjusted to an OD 590 of 0.3 in 0.9% (wt/vol) NaCl. The suspension was additionally diluted 6,000-fold and was inoculated onto the solid media containing appropriate antibiotics, inducers, and/or repressors. After overnight culture, viable colonies were counted.
Statistics. Statistical analyses were performed using single-factor analysis of variance (ANOVA) with an ␣ of 0.05 in Origin 9.
RESULTS
Site-specific unnatural amino acid incorporation as an AND gate. We used here a specific method for 3-iodo-L-Tyr (IY) incorporation in E. coli ( Fig. 1A) (27) . With this method, the extracellular IY enters the intracellular space and forms an aminoacyltRNA by the use of a pair of plasmid-encoding genes, an amber suppressor tRNA (tRNA CUA ) MJR1 and a variant of aminoacyltRNA synthetase (aaRS) IYRS that specifically recognizes IY and MJR1 from the archaebacterium Methanocaldococcus jannaschii, resulting in IY incorporating at AMBs inserted in target genes. If IY is not incorporated by failure in the IY-MJR1 formation, translation is expected to be terminated at the AMBs by release factors. In addition, AMBs inserted next to the AUG translational start codon cause the null mutation of target genes when IY is not incorporated. This system can be interpreted as an AND gate that integrates 3 inputs (IY plus 2 promoters that drive the IYRS and MJR1 genes) and controls IY-MJR1 formation as an output (Fig.  1B) . Indeed, the lack of an input (IY, IYRS, or MJR1) turned off the translation of target genes (Fig. 1C) . Although this system also suppresses natural AMBs that are contained in host genomes, the growth rate of the E. coli BL21-AI strain that was used throughout this study was not affected (see Fig. S1 in the supplemental material).
Translational switch controlled by an unnatural amino acid. Next, we designed a translational switch (1 input and 1 output) using this AND gate ( Fig. 2A) . In this switch, IYRS and MJR1 were constitutively expressed, and the formation of IY-MJR1 was controlled only by the presence or absence of the IY (IY switch) (Fig.  1C) . The default (inactive state) was an "off" state. The addition of IY to the culture media rapidly induced the production of target gene products within 0.1 h, and the production reached its maximum rate at around 0.5 h (Fig. 2B) . The translational efficiency in the off state relative to that in the on state was affected by the selection of the promoter driving IYRS (Fig. 2C ). For example, P TyrRS provided lower relative translational efficiency in the off state, i.e., better switchability, than that provided by P lac .
The detectable translation observed even in the absence of IY indicated that the switchability of the IY switch was incomplete. This could be attributed to natural amino acid mischarges in MJR1 (35) . We therefore designed a method to improve the switchability by multiplexing of AMBs. The translational efficiency decreased with the increasing number of AMBs in both the on state and off state, due to the competition between IY-MJR1 and an endogenous release factor, RF-1, at each AMB (Fig. 2D ) (36, 37) . Notably, the decrease was more prominent in the off state, resulting in the ratio of translational efficiency in the off state to that in the on state also decreasing; i.e., the switchability was improved.
Other switches and synergistic effects. Similar translational switches were also constructed using the inducible IYRS or MJR1 by appropriate transcriptional regulators (Fig. 1C) . These switches were regarded as converters for transcriptional-to-translational regulation. Crucially, the combinations of the IY switch with the IYRS switch or MJR1 switch improved the switchability, i.e., the relative expression decreased more in the off state by combinatorial use of these switches than by single application of each switch (Fig. 3A) . On the other hand, the selection of promoters driving the IYRS and MJR1 genes also affected the translational efficiency (Fig. 3B) .
In conclusion, translational switches using site-specific unnatural amino acid incorporation are widely tunable in both their switchability and translational efficiency by controlling the level of IY, IYRS, and MJR1 and the number of AMBs inserted in target genes.
A high-yield and zero-leakage expression system. As an application, we constructed an inducible, high-yield gene expression system with zero leaks by the use of a combination of transcriptional and translational switches. The bacteriophage T7 promoter (P T7 ) is one of the strongest promoters in E. coli and is preferable for production of recombinant proteins (38) . Usually, the expression system using P T7 is conditional based on the inducible expression of T7 RNA polymerase (T7 RNAP). In typical protocols, the expression of recombinant proteins is induced after adequate growth of bacteria. In the growth phase, the recombinant genes are kept under repressive conditions to prevent their protein expression from interfering with normal growth. Leaky expression under repressive conditions kills host bacteria when the recombinant gene products are highly toxic (39) . Since stronger promoters such as P T7 often exhibit greater leaky expression, "high yield" and "zero leakage" have been recognized as incompatible. As a solution, we designed an expression system that was regulated at both the transcriptional and translational levels. To obtain high yields and minimize leaky transcription, we used P T7 with the lactose operator (lacO) for efficient repression of recombinant gene expression together with the E. coli BL21-AI strain in which T7 table of the AND gate and its experimental data. The output was measured as the expression of a constitutive promoter (P lpp ) driving the EGFP gene in which an AMB was inserted next to the start codon. IY switching was tested using the BL21-AI strain carrying pTYR MjIYRS2-1(D286) MJR1ϫ3 in the presence or absence of IY (left panel). To test the switchability by IYRS and MJR1, pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3-and pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3-carrying strains were used (middle and right panels). Either IYRS or MJR1 was induced by either IPTG or Ara plus IPTG (1 in the truth table) and repressed by Glc (0 in the truth table), respectively. Detailed information on the inducers and repressors is provided in Materials and Methods. The bacteria were inoculated in media containing appropriate inducers or repressors, and the fluorescence was measured 16 h after incubation. To compensate for the effects of inducers and repressors on P lpp activity, EGFP fluorescence was normalized to that in the absence of an AMB insertion (F 1amb /F 0amb ). Finally, switchability was evaluated as relative F 1amb /F 0amb values (relative F 1amb /F 0amb ϭ 1 at IY ϭ 1, IYRS ϭ 1, and MJR1 ϭ 1). Data in panel C are shown as means Ϯ standard errors of the means (SEM). n ϭ 3 independent experiments. RNAP gene expression is tightly controlled by P BAD (Fig. 4A) (39) . Furthermore, the translational switches were used together with transcriptional control to eliminate the remaining leaky expression.
First, we tested the yield of recombinant products under induction conditions; i.e., both transcriptional and translational switches were turned on (Fig. 4B) . The translational efficiency of a few AMB-inserted EGFP genes was maintained at a level similar to that seen without AMBs, as shown also in Fig. 2D . The expression using this system (in a plasmid replicated via a ColE1 replicon) was at a level similar to that driven by P lac or P lpp in a plasmid replicated via a pUC replicon. The relative plasmid copy number was expected to be Ͻ1/20, suggesting that the expression level under induction conditions was very high even in comparison with other strong promoters, as expected (40) .
Next, elimination of leaky expression under repression condi- tions was verified. The colicin E3 enzymatic domain (ColE3e) is a highly toxic RNase (41) . Since only a few molecules can kill E. coli by cleaving 16S rRNA, the maintenance of ColE3e expression constructs indicates that there was zero-leakage expression (42, 43) . We prepared the ColE3e expression constructs that were driven by P T7 -lacO (see Table S1 and the supporting note in the supplemental material). Under conditions of transcriptional induction, the translational repression did not prevent host killing by one-to three-AMB (1-to 3AMB)-ColE3e gene leaky expression, even in the strain in which the amber suppression machinery was functionally lost by deletion of the MJR1 gene (Fig. 4C) . The host bacteria also died under conditions of transcriptional repression without the translational repression, except for partial survival observed in 3AMB. In contrast, the translational repression by the IY and/or IYRS switch in addition to the transcriptional repression resulted in full survival in Ն2AMB. Moreover, the survival in Ն1AMB was confirmed by MJR1 repression, suggesting that leaky expression of ColE3e was completely abolished in those strains. These results suggest that the combined use of transcriptional repression and translational repression was essential for the zeroleakage expression. In conclusion, the high-yield, zero-leakage gene expression system was successfully constructed.
DISCUSSION
This work demonstrates that site-specific unnatural amino acid incorporation is useful for tight and tunable translational switching. This system was functional as an AND gate that integrated inputs consisting of 1 unnatural substrate and 2 promoters with good switchability, suggesting that it is an excellent platform for the construction of genetic devices controlling translation. We also defined the behavior of three translational switches (IY, IYRS, and MJR1 switches) derived from the AND gate. In particular, the IY switch has remarkable characteristics. First, IY is a "building block" that forms an aminoacyl-tRNA and target proteins. This nature is completely distinct from those of other regulatory molecules such as IPTG. Second, IY does not exist in the natural environment, suggesting that an unexpected turning on of the IY switch by endogenous or environmental IY is not a possibility. Third, the switchability and translational efficiency are widely tunable with a broad dynamic range by combination with IYRS and/or MJR1 switches, by selection of the promoters driving the IYRS and MJR1 genes, and by the number of AMBs inserted in the target genes. These characteristics are largely distinct from those of any known gene expression regulators. Notably, the first and second characteristics indicate the advantage in independence from other regulatory tools and existing cellular processes (16) . In addition, the environmental noise should be minimal based on the second characteristic, suggesting the advantage in reliability (16) .
Insertion of AMBs into target genes is essential for the use of translational switches by site-specific unnatural amino acid incorporation. In contrast, some other translational regulatory tools, such as small RNA (sRNA), do not need any modification in target genes (44) . However, the off-target effects that are often detected in RNA regulatory tools are not found in IY switching (45) . In addition, genome-editing technology has been improving in E. coli (46) (47) (48) (49) . The IY switch can simultaneously regulate many target genes inserted with AMBs, whereas the RNA regulatory tools recognize a specific sequence in each target gene without modification. These distinct characteristics suggest that these translational regulatory tools are complementary rather than competitive with one another.
Previous papers reported that amber suppressors generally did not affect growth rate (50) . On the other hand, species-specific toxicity of the amber suppressor tRNA was also found (51) . The usefulness of translational switches could depend on the host species. The growth of BL21-AI was not inhibited by suppression of natural AMBs in the genome, suggesting that this strain adapted well to the translational switches.
The switchability of the IY switch was affected by the selection of the promoter driving the IYRS gene. Overexpression of aaRS enhances the misacylation of tRNA with poor substrates (52, 53) . The accuracy of aminoacylation requires a proper balance of aaRS construct driven by P lpp with one AMB inserted next to the start codon was evaluated. A control strain that contained only the EGFP expression construct without the IYRS and MJR1 genes was used as a negative control (F ϭ 0). Either IYRS (left panel) or MJR1 (right panel) was conditionally expressed in the BL21-AI strains carrying either pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3 or pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3, respectively. (B) Translational efficiency under the control of various promoters. Outputs were measured as EGFP gene expression that was driven by P bla and with an AMB inserted next to the start codon. The IYRS and MJR1 genes were driven by various promoters. The BL21-AI strains carrying pTYR MjIYRS2-1(D286) MJR1ϫ3 (left column), pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3 (middle column), or pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3TR (right column) were tested. Overnight-cultured bacteria without any inducers were washed and were resuspended in medium. The medium contained all of the inducers (Ara, IPTG, and IY) and was used for all experiments. Eight hours after incubation, EGFP fluorescence was measured. TR, P TyrRS ; LA, P lac ; LP, P lpp ; T7, P T7 -lacO. Data are shown as means Ϯ SEM. n ϭ 3 independent experiments. and tRNA (54) . These reports suggest that the misacylation of MJR1 could be affected by the selection of the promoter driving the IYRS gene. The switchability is also predicted to be reduced by the increase of misacylation since the target gene mRNAs are translated even in the absence of IY. An optimal balance of IYRS and MJR1 could be important to obtain the best switchability.
The switchability of the IY switch was improved by multiplexing of AMBs. In contrast, the translational efficiency decreased. The appropriate number of AMBs should be selected to obtain desirable translational efficiency and switchability, depending on the intended use.
As mentioned above, we have proposed some methods to improve the switchability by the combinational use of the translational switches, multiplexing of AMBs, and selection of appropriate promoters driving aaRS. A sophisticated transcriptional switch by unnatural amino acids via changes in mRNA secondary structures at leader peptide regions has been previously reported (64) . The switchability of the transcriptional switch is also expected to be improved by those methods.
The high-yield and zero-leakage expression system was constructed with IY, IYRS, and/or MJR1 switches in combination with transcriptional regulation. Previously, a ColE3 expression construct was developed and regulated transcriptionally by the use of a moderate promoter (P BAD ) and by controlling plasmid copy number (43) . It was noteworthy that P T7 drove the recombinant genes that contained the Shine-Dalgarno sequence and consisted of 15 to 20 copies in a bacterium in the system presented here, indicating the suitability for high-yield expression. We can easily reduce the amount of leaky expression and improve the switchability by increasing the number of inserted AMBs in the target genes, although the expression level under induction conditions might decrease. We should also note that the use of either the IYRS or MJR1 switch affects translational efficiency. Tuning of the balance between switchability and translational efficiency can be regulated depending upon the intended use. This system is promising for applications such as metabolic engineering and genetic experiments with high fidelity and wide dynamic range, as well as for recombinant protein production (12, 55, 56) .
The target gene products that are controlled by the translational switches necessitate the incorporation of UAAs. The possibility that those UAAs affect the function of products cannot be excluded, although we designed the incorporation of UAAs to be near the N terminus to minimize functional and structural alteration. Alternatively, we can use the UAAs as tools to facilitate purification or tracing, such as cross-linking with affinity columns or adding fluorescent probes with unique functional groups in the UAAs (28, 57) . In addition, the UAAs can be designed to be incorporated in either the N-terminal tag or signal sequences that are removed after natural or artificial processing. Most unnatural amino acids are expensive, indicating that cost is another limitation for the application of this method.
To date, many aaRS/tRNA CUA pairs have been developed for various unnatural amino acid incorporations and have been applied not only in bacteria but also in yeasts, nematodes, insects, conditions. The BL21-AI strain carrying pTYR MjIYRS2-1(D286) MJR1ϫ3 was studied. IYRS and MJR1 were constitutively expressed by P TyrRS and P lpp , respectively. The expression levels were estimated using the EGFP expression constructs driven by various promoters with zero to three AMBs inserted next to the start codon. The bacteria carrying the expression constructs were inoculated in the medium containing IY. The fluorescence was measured 16 h after incubation. (C) Leaky expression under various repressive conditions. The host killing of ColE3e was used as a highly sensitive method for detection of leaky expression. The BL21-AI strains carrying pTYR MjIYRS2-1(D286) (black), pTYR MjIYRS2-1(D286) MJR1ϫ3 (blue), pTYR P lac ::MjIYRS2-1(D286) MJR1ϫ3 (yellow), or pTYR MjIYRS2-1(D286) P T7 -lacO::MJR1ϫ3TR (red) were tested. Each strain also contained a 1AMB-lacZ␣ or a 1-to 3AMB-colE3e expression construct driven by P T7 -lacO. The bacteria were inoculated on solid media containing appropriate inducers or repressors (for detailed information, see Materials and Methods and the Fig. 1C legend) . Viable colonies were counted after an overnight culture. The number of colonies was normalized to that of lacZ␣ under identical conditions (relative numbers of colonies). TC, colE3e transcription. Data (B and C) are shown as means Ϯ SEM. n ϭ 3 independent experiments. ND, no data. mammalian culture cells, and plants (58) (59) (60) (61) (62) . Similar translational switches can also be constructed using these pairs and can be easily implemented with applicable organisms. In particular, UAA switches such as the IY switch are advantageous for application in various organisms due to their independence from speciesspecific inducible transcriptional regulators. This feature also indicates that we can construct a conditional gene expression system using UAA switches in the organisms in which few inducible transcriptional regulators have been found. The presumed toxicity by suppression of natural AMBs contained in host genomes and the nonsense-mediated mRNA decay in eukaryotes are, however, possible obstacles (63) .
